The moving bed biofilm reactor (MBBR) wastewater treatment process is usually designed based on the assumption that all activity in the process occurs in the biofilm on the MBBR carriers, although there is always some active biomass in the bulk liquid due to biofilm sloughing and, sometimes, freegrowing bacteria. In this study the removal of organic matter is evaluated in laboratory-scale MBBR reactors under varying load, hydraulic retention time (HRT), oxygen concentration and volumetric filling degree of carriers in order to determine the heterotrophic activity in the different fractions of the MBBR biomass. The results showed that the heterotrophic conversions in an MBBR can show the same type of diffusion limited dependency on oxygen as nitrification, even for easily degradable substrates such as acetate. The contribution to the removal from the suspended biomass is shown to vary depending on HRT, as the amount of suspended solids changes. The developed method in this report is a useful tool for determining heterotrophic activity in the separate fractions of biomass in MBBRs.
INTRODUCTION
The moving bed biofilm reactor (MBBR) is a biological wastewater treatment process that has increased in popularity over the last two decades. The basic principle of the process is the use of biofilm carriers on which active biomass grows on protected surfaces, increasing the efficiency of the treatment process per volume of reactor (Ødegaard ) .
Although an increasing number of researchers are studying the kinetics of the MBBR process for modeling purposes (Plattes et al. ; Marques et al. ; Ferrai et al. ; Martín-Pascual et al.  to mention a few), MBBRs are still mainly designed empirically based on assumptions on carrier surface loading rate (Ødegaard et al. ; Ferrai et al. ) or, less commonly, volumetric loading rates at certain filling degrees (Ødegaard ) . Designing MBBRs is a complex process as the biomass can neither be modeled as a suspended biomass process such as activated sludge systems nor as a fixed biofilm process such as fixed-bed reactors, since the biofilm on the carriers is moving around in the reactor in suspension.
Just as in stationary biofilm systems, the biofilm in MBBRs is exposed to shear forces which control the biofilm thickness and the diffusion depth of substrates (Ødegaard ) . Due to diffusion limitations, the activity in the biofilm depends not only on the protected surface of the carriers, on which the biofilm grows, but also on the biofilm thickness (Alpkvist et al. ) . An example of diffusion limitation is the nitrification in MBBRs which has been shown to be strongly dependent on oxygen diffusion (Hem et al. ) . Diffusion limitation and substrate profiles are however very difficult to study in carrier biofilms, especially when the carriers are moving in operation (Masic et al. ) .
Another challenge with modeling MBBRs is the continuous exchange of biomass between the biofilm on the carriers and the suspended biomass, through attachment and detachment (Goode ) . Due to this process there is always some suspended biomass in MBBRs and, depending on the process conditions (such as load and hydraulic retention time, HRT), there may also be considerable amounts of free-growing bacteria in the liquid phase, with growth rates high enough to remain in the system without being attached to or seeded from the carrier media. In systems with a high concentration of suspended biomass the activity in the bulk phase may contribute significantly to the overall removal efficiency of the process. In addition, the suspended biomass should not be affected by mass transfer limitations to the same extent as biofilms, which is why the removal rates in this fraction of biomass should differ from the biofilm.
This study evaluates the removal of organic matter, measured as soluble chemical oxygen demand (sCOD), by the different fractions of biomass in MBBR systems under various process conditions (load, oxygen concentration, substrate and HRT). It seems reasonable that the removal in a heterotrophic biofilm is a diffusion limited process just as in slow-growing nitrifying systems, and that the activity in the suspended biomass depends on the sloughing and growth rates, being affected by the HRT and the load. Based on this hypothesis, the effect on the total removal efficiency in an MBBR when changing the carrier filling degree should be different depending on the application and load.
Some similar studies on organic matter removal in MBBRs have been presented in the literature, mainly studying the change in removal efficiency as a result of the different filling degrees of carriers. Some authors saw none or very little effect on COD removal when changing the filling degree in MBBRs (Feng et 
METHODS

Reactor set up
All trials were performed in laboratory-scale MBBR reactors with 50% volumetric filling degree of AnoxKaldnes TM K5
biofilm carriers. Throughout the study the reactors were continuously fed with substrate and air from the bottom according to Figure 1 . The biofilm carriers were made from high density polyethylene with a nominal diameter of 25 mm and a 800 m 2 /m 3 protected surface. The carriers were kept in suspension through aeration, and the biofilm grew on the protected surface of the carriers, as seen in Figure 1 . During the continuous run of the reactors the effluent was removed through an overflow pipe, also shown in Figure 1 . When the effluent was collected for determination of suspended solids in the reactors, the effluent was removed through sequenced pumping from the top of the reactor.
Test procedures
Two set ups where run during the study with different synthetic substrates. Initially a 1.1 L reactor (R MEG ) fed with Mono-Ethylene Glycol (MEG) substrate was studied at a fixed HRT of approximately 0.3 days, simulating a system where the sCOD removal should be completely dependent on the biofilm activity. The oxygen dependency and activity in the different biomass fractions in the reactor were studied in R MEG according to Table 1 . Following the trials in R MEG , a second reactor (0.55 L) fed with acetate (R HAc ), was run to study the MBBR system with a more easily biodegradable carbon source in which the contribution from the bulk phase was expected to be more significant. Several trials were performed in R HAc , as seen in Table 1 , to evaluate the response of sCOD removal in an MBBR to different oxygen concentrations, HRTs and volumetric filling degrees.
As shown in Table 1 , a total of ten separate trials was performed in the two reactors. The reactors were followed closely under continuous operation until steady reduction was confirmed before each trial was performed. The COD loads were adjusted to maintain a sufficient residual sCOD, ensuring the degradation rates were not COD limited. In addition to the carbon sources, both feed solutions contained buffer solution, peptone, nitrogen, phosphorus and the necessary trace minerals.
Oxygen dependency
To evaluate if the heterotrophic activity in the reactor depended on the dissolved oxygen (DO) concentration, the sCOD reduction was measured at different DO concentrations (highest to lowest), whilst keeping all other parameters constant. For each DO concentration, the reactor was run for more than three HRTs to reach a new steady state before the sCOD in the reactor was analyzed and the DO was decreased again. The DO was controlled by changing the supply of air to the reactor. As changes in the aeration are linked to the turbulence which in turn affects the diffusion and the biofilm structure, the changes in aeration intensity were compensated by adding N 2 gas to secure the same total gas flow and turbulence in the reactor at all DO-levels.
Biomass fractions
The focus of these trials was the evaluation of the sCOD removal by the different fractions of biomass, being the biofilm, sloughed-off biofilm and free-growing bacteria. In order to evaluate the removal efficiency of the biofilm and the suspended phase separately, the biofilm carriers were transferred from their original reactor, Rsf, to an identical reactor, Rbf, with the same volume, substrate feed, temperature, HRT and load but (initially) without any suspended biomass. The bulk in Rbf consisted of filtered effluent collected from the original reactor prior to the study, which is why the two reactors had the same initial sCOD concentration, although Rsf contained the suspended fractions of the biomass while Rbf held the biofilm fraction of the biomass on the transferred carriers. The sCOD removal in the reactors was followed closely for three or four HRTs until new steady states were observed.
Filling degree
The effects of the different fractions of biomass in R HAc were also studied by reducing the carrier filling degree gradually and studying the response in sCOD removal. This was done in a similar manner to the oxygen-dependency study, letting more than three HRTs run between each change in filling degree. Volumetric filling degrees of 50, 40, 30 and 20% were analyzed while other parameters (load, HRT, aeration, etc.) were kept constant. Analytical methods Soluble and total COD was measured in the substrate and in the reactors using LCK 114 Hach Lange kits. Soluble samples were obtained by filtering through 1.6 μm pore size Munktell MG/A glas fibre filters. Suspended solids (SS) were measured according to SS-EN 872 (2nd edition) using Whatman GF/A glass fibre filters (1.6 μm pore size). The DO was measured with a Hach HQ40d multi DO probe and pH and temperature were measured with a HANNA H1991001 pH-meter. The aeration and supply of N 2 -gas were controlled by Dwyer rotameters with the ranges 0-1 or 0-5 L/min, depending on the aeration intensity.
RESULTS AND DISCUSSION
The results from the different oxygen-dependency studies in the two reactors can be found in Figure 2 . The sCOD removal in R MEG (Figure 2(a) ) showed a linear dependency on the DO at an HRT of 0.31 days, indicating that the heterotrophic activity is restricted to the diffusion limited biofilm, most likely because the system is at wash out of free-growing bacteria in the bulk at this HRT. When studying the oxygen dependency in R HAc at different HRTs (Figure 2(b) ) the sCOD removal showed a linear dependency on the DO in the reactor at an HRT of 0.05 days, but not at an HRT of 0.10 and 0.14 days. These results show how the removal of organic matter in an MBBR system can be strictly diffusion limited under certain conditions, but under other conditions the system gets more complex where by the same removal rates are found independently of the DO in the water. The dependency on the DO at the shorter HRT in R HAc could indicate that the system is at wash out at an HRT of 0.05 days, with little contribution from the SS, but at HRTs of 0.10 days and above there is sufficient activity in the SS contributing to the sCOD removal, most likely from both sloughed-off biomass and free-growing biomass. No SS measurements were made for the oxygen-dependency trials, but the SS measured in the biomass fraction studies (Figure 4, below) showed lower SS concentrations at a shorter HRT. Another possible explanation for the different responses to DO in Figure 2 (b) could be that the biofilm thickness differed in the different trials. Thicker biofilms would have increased penetration depths and removal efficiencies as DO increased; while thinner biofilms would be fully penetrated at all DO concentrations, resulting in an unaffected removal rate in relation to DO. The biofilm on the carriers varied in thickness and structure over the course of the trials, although no strict trends were observed in relation to the different HRTs.
The results from the biomass-fraction studies, Figure 3 and 4, show how the SS and sCOD removal in Rsf decreased significantly after the carriers had been removed, indicating that the majority of the suspended biomass in all studied MBBR systems came from sloughed-off biofilm, which was washed out after the carriers were removed. Generally a small fraction of SS (20-50 mg/L) remained in the reactor at the end of the study, representing a combination of any incoming SS and free-growing bacteria. The SS in Rbf increased after the carriers had been added, due to biofilm sloughing and growth in the bulk phase, until steady state was reached at the original SS concentration. The sCOD removal was relatively unaffected by this change in SS, indicating that the majority of the sCOD removal in the original reactors occurred in the biofilm on the carriers, independently of HRT. This contradicts the theory that the removal in R HAc should be dependent on the different SS concentrations in the reactor, as discussed for the oxygendependency results above.
The initial biomass-fraction study performed in R MEG (Figure 3) shows how the SS is washed out of Rsf and slowly increases in Rbf as the biofilm sloughs off and freegrowing bacteria increases. The SS in Rbf in this trial was fluctuating over time, possibly due to sloughing of the biofilm. The final SS in Rsf was 10% of the steady state SS in the MBBR system (final SS in Rbf) and the removal of sCOD in Rsf at the end of the study was 14%. The SS in Rsf at the end of the biomass fraction studies in R HAc (Figure 4) varied depending on the HRT, with an SS of approximately 40 mg/L at the higher HRTs and approximately 20 mg/L at the shorter HRT. These results agree with the theory from the oxygen-dependency studies, indicating that at an HRT of 0.05 days the system is at wash out. The measured SS for Rsf are consistent with the final sCOD removal in the same reactor which at an HRT of 0.05 days is almost zero while at an HRT of 0.10 and 0.14 days is approximately 8%.
The measured SS in the original MBBR reactor (initial SS in Rsf) is lower than the SS at the second data point in Figure 4 (b) and 4(c), although these concentrations agree well with the final (steady state) SS in Rbf. This can be explained by sloughing off biofilm while the carriers were removed from the original reactor which increased the SS in Rsf temporarily but did not affect steady state SS levels. In Figure 4 (c) it is also noticeable that the sCOD increases in Rbf at the beginning of the study and that the initial sCOD concentration in Rsf differs from that in Rbf. The filtered effluent used as bulk in Rbf during this trial seems to have been removed from the original reactor when it was operated under slightly different conditions, which increased the removal and hence gave a more diluted effluent than during the day of the trial.
The reduced filling degree study was only performed in R HAc , as shown in Figure 5 . At both an HRT of 0.05 and 0.11 days, the sCOD removal showed to be strongly dependent on the filling degree of the carriers, with an increasing removal as the filling rate increased. The two trends are very similar, showing no dependency on the HRT, which contradicts the results from the oxygen-dependency study. During these trials the aeration was kept constant, while the DO increased as the activity decreased in the reactor, as shown in the figure. Based on the indications from the oxygen-dependency study, the two trends would have differed more, with the dependency on filling degree being less significant at the higher HRT, if the DO had been kept constant in these trials.
CONCLUSIONS
Studies performed at different filling degrees, loads, HRTs and DO concentrations showed that heterotrophic conversions in an MBBR can show the same type of diffusion limited dependency on DO as seen for nitrification, even for easily degradable substrates such as acetate. The removal of organic matter can however also be independent of the DO under other conditions. The contribution to sCOD removal from the suspended fraction of the biomass in an MBBR appears to vary with the HRT, as a result of changing SS concentrations. These results indicate that the behavior of biomass in an MBBR system differs as a result of different HRTs, where low HRTs lead to strong dependencies on the activity in the biofilm, while the contribution of free-growing bacteria and sloughed-off biofilm will increase at higher HRTs. It is confirmed that there always is some suspended biomass in the MBBR due to the sloughing of the biofilm, even when the free-growing bacteria is washed out. Although there are systems where this contribution is very small due to low growth yields, the presence of suspended biomass should always be considered in MBBRs. This study shows that MBBRs are complex systems with varying dependency on DO, load, HRT and filling degree, which is why all these parameters must be considered in relation to biofilm and suspended biomass when designing and dimensioning. The method developed and shown in this study is a useful tool for measuring the activity in the separate fractions of biomass in MBBRs, contributing to the understanding of this complex behavior.
